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NAD(P)H oxidase activity in cultured human podocytes: Effects of
adenosine triphosphate. Reactive oxygen species contribute to glomerular
damage and proteinuria. In this study, we show that cultured human
podocytes produce superoxide in response to extracellular adenosine
triphosphate (ATP), and we identified the oxidases involved in this
process. Adenosine triphosphate (1024 M for 4 hr) raised superoxide
production from 1.28 6 0.15 to 2.67 6 0.34 nmol/mg protein/min. Studies
with podocyte homogenates revealed activation of both nicotinamide
adenine dinucleotide (NADH; from 2.65 6 0.23 to 7.43 6 0.57) and
nicotinamide adenine dinucleotide phosphate (NADPH) dependent oxi-
dases [from 1.74 6 0.13 to 4.05 6 0.12 (nmol O2
z/mg protein/min)] by
ATP. Activity of xanthine-oxidases was low and unchanged by ATP.
Activation of the plasma-membrane bound NAD(P)H oxidases by ATP
was time and dose dependent. Reverse transcribed-polymerase chain
reaction (RT-PCR) studies with primers derived from monocyte se-
quences amplified mRNA for the NADPH oxidase subunits p22phox,
p47phox, gp91phox and p67phox, and the latter was transiently increased
by ATP. Experiments with actinomycin D and cycloheximide suggested
that ATP modulates enzyme activity at the transcriptional and transla-
tional levels. In conclusion, NAD(P)H dependent, membrane associated
oxidases represent the major superoxide source in human podocytes.
Activation of NAD(P)H oxidase by ATP might be secondary to increased
mRNA expression of the NADPH oxidase subunit gp67phox.
The podocyte plays a crucial role in maintaining the permselec-
tive function of the glomerular capillary wall [1]. Under patho-
physiological conditions, the podocyte contributes to the initiation
and progression of a variety of glomerular diseases. Membranous
nephropathy, minimal change disease and focal segmental sclero-
sis have been especially related to primary or secondary podocyte
injury [2, 3]. Reactive oxygen species (ROS) are known to be
important mediators of many pathophysiological processes in
renal diseases [4]. The release of ROS leads to proteinuria by
affecting glomerular endothelial and epithelial cells and disturb-
ing normal glomerular permselectivity [5, 6]. In rats with passive
Heymann nephritis, an experimental model of membranous ne-
phropathy, ROS are not only generated by polymorphonuclear
neutrophils (PMN), but also may be released from podocytes [7].
Consequently, the release of ROS from podocytes may play a role
in the pathogenesis of glomerular damage and proteinuria.
Among ROS, superoxide anion (O2
z) is not only a primary radical
species generated by the reduction of oxygen, but also is a source
for other oxygen-centered radicals, such as H2O2 and
zOH, which
participate in lipid peroxidation and induce damage of cellular
membranes [8]. In this study, we investigated whether podocytes
in culture are able to generate superoxide anion (O2
z) and tried to
identify the enzyme system responsible for its production. Data
derived from studies of puromycin induced nephritis in rodents
suggested that xanthine oxidases contribute to ROS generation in
diseased glomeruli [9, 10]. However, the significance of xanthine
oxidases for ROS production has also been challenged [11, 12].
More recent data suggest an important role for the nicotinamide
adenine dinucleotide/nicotinamide adenine dinucleotide phos-
phate (NADH/NADPH)-dependent oxidase system as a major
source for O2
z in endothelial cells [13], fibroblast [14] and smooth
muscle cells [15]. Since the presence of a NAD(P)H oxidase was
demonstrated in cultured human mesangial cells [16, 17] and a
glomerular NADPH oxidoreductase enzyme complex was shown
to be activated during passive Heymann nephritis [7], we chose to
study the contribution of this oxidase in O2
2 production in human
podocytes. To detect superoxide production we used lucigenin-
enhanced chemoluminescence, since this assay has been demon-
strated to specifically detect superoxide [18]. We also examined
whether these cells express mRNA of the recently cloned
NADPH oxidase components p22phox, p47phox, p67phox and
gp91phox.
As a stimulus for superoxide production, we used extracellular
adenosine triphosphate (ATP). During the process of glomerular
inflammation, ATP may be released from platelets and damaged
glomerular cells [19]. Adenosine triphosphate exerts important
cellular functions on the podocyte, such as an increase in intra-
cellular Ca21 activity and formation of inositol triphosphate [20].
Purinergic receptors have been identified on podocytes, and the
intracellular signal transduction cascades in response to stimula-
tion from extracellular ATP [20] was recently characterized by our
group.
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METHODS
Isolation and culture of human podocytes
Human podocytes were isolated from normal human kidney
sections obtained form renal carcinoma patients undergoing
nephrectomy. Primary cultures of podocytes were established as
follows. Intact tissue was passed through steel sieves with decreas-
ing pore sizes of 450 mm and 180 mm. Glomeruli were collected
with a third sieve with a pore size of 120 mm and counted under
a light microscope (3400). Encapsulated glomeruli were absent
by visual inspection. Glomeruli were suspended in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% heat-inacti-
vated fetal calf serum (FCS), glutamine 2.5 mM, sodium pyruvate
0.1 mM, HEPES buffer 5 mM, streptomycin 100 mg/dl, penicillin
105 U/liter, 0.1 3 nonessential amino acids (all Seromed, Berlin,
Germany), insulin, transferrin, and a 5 mM sodium selenite
supplement, and plated at a concentration of 100 glomeruli/cm2
onto collagen coated petri dishes (Greiner, Nu¨rtingen, Germany).
The glomeruli were incubated at 37°C and 5% CO2 in air. After
four days, cell colonies began to sprout around the glomeruli. Cell
colonies were excised and incubated in a tube containing 5 ml
0.2% collagenase IV (Sigma, Deisenhofen, Germany) at 37°C for
30 minutes, washed and plated in 25 cm2 culture flasks. Fibroblast
contamination was excluded by growing cells in a L-valine free
medium [21].
Cell characterization
Human podocytes in culture showed an epithelial morphology,
a polyhedral shape and a cobblestone-like appearance when
confluency was reached [22]. Cells were characterized with the
antibodies vimentin (1:50), desmin (1:50), cytokeratin (1:20), and
factor VIII related antigen (1:50) (all from Dakopatts, Hamburg,
Germany). Antigen-antibody complexes were visualized with fluo-
chrome-conjugated secondary antibody FITC (Santa Cruz, Hei-
delberg, Germany). Cells were homogenously negative for cyto-
keratin and factor VIII related antigen, but positive for vimentin
[23]. Cells also stained positively for the Wilm’s tumor antigen
WT-1 (1:100; Santa Cruz, Heidelberg, Germany), which is only
expressed in the adult podocyte in the kidney in vivo and thus has
been considered to be a specific marker for podocytes [24, 25].
For experiments, cells between passages 12 and 15 were seeded
into 6 well plates and fed every three days for seven days. Media
were changed again the evening before the experiments were
started. On the day of the experiment, ATP was added to cells as
indicated. For measurement of superoxide anion production in
intact cells, cells were cultured in 80 cm2 flasks.
Determination of oxygen radical generation in intact cells
Lucigenin, an acridylium dinitrate compound that emits light on
reduction and interaction with the superoxide anion, was used to
measure superoxide anion production [26]. Control cells or cells
treated with ATP were harvested from the dish by trypsination.
Cells were pelleted by centrifugation (200 g, 4°C, 5 min), the
supernatant was discarded and the pellet was resuspended in
Krebs buffer containing (in mmol/liter): NaCl 130, KCl 5, MgCl2
2, CaCl2 1.5, glucose 5, phosphoric acid 35, and HEPES 20, pH
7.4. After an additional centrifugation, cells were resuspended
at ;1 3 106 cells/ml in Krebs buffer and stored on ice until use.
To measure superoxide anion production, 200 ml of the cell
suspension were added to a cuvette containing dark adapted
lucigenin (final concentration 500 mM) in Krebs buffer. Photon
emission was counted every 15 seconds for 10 to 15 minutes in a
luminometer (Berthold, Bad Wildbad, Germany). A buffer blank
was subtracted from each reading before transformation of the
data. To calculate the amount of superoxide produced, total
counts were generated by integrating the area under the signal
curve. These values were compared with a standard curve gener-
ated using xanthine/xanthine oxidase as described [18, 27]. The
chemoluminescence signal was almost completely inhibited by
recombinant heparin binding superoxide dismutase, demonstrat-
ing the specificity of this assay for O2
2 [18].
Determination of NADH/NADPH oxidase activity
Cells were washed twice with ice-cold phosphate buffered saline
(PBS), scraped from the wells and resuspended in 2 ml Krebs
buffer. After centrifugation at 750 3g for five minutes at 4°C, the
pellet was resuspended in 1.5 ml of fresh Krebs buffer and
bounced 100 times on ice to break the cells. The homogenate was
subsequently centrifuged as above, and then resuspended in 0.6
ml Krebs buffer. The luminescence buffer contained 0.5 mM
lucigenin and either 0.1 mM NADH or NADPH as the substrate.
Luminescence was monitored as above for intact cells. Superoxide
generation by NADH or NADPH oxidase activity was calculated
by integrating the total counts during the first three minutes
during which chemoluminescence increased linearly. Superoxide
generation was expressed as nmol O2
2 generated per mg cellular
protein per minute [18]. Protein content of the cell suspension was
measured with the Lowry method [28].
Preparation of cell membranes and cytosol
To determine whether NADH/NADPH oxidase activity local-
izes to the cellular cytosol or membrane fraction, cytosolic and
membrane fractions were separated by ultracentrifugation as
follows: Samples were prepared as described above for the
NADH/NADPH assay. After lysis, cell homogenates were centri-
fuged at 29,000 g for 20 minutes at 4°C. The supernatant
containing the cytosolic fraction was removed and the pellet,
containing both plasma and mitochondrial membranes, was re-
suspended in Krebs buffer. NADH/NADPH oxidase acivity was
then measured as above.
Isolation of human monocytes
Human monocytes were from a healthy volunteer. Monocytes
were isolated from 10 ml of whole blood that had been anticoag-
ulated with EDTA, using a lymphoprep (Nycomed Pharma AS,
Oslo, Norway) following the manufacturer’s instructions.
Expression of NADPH oxidase mRNA in human monocytes and
podocytes
The recent cloning of monocyte NADPH-oxidase cDNA se-
quences made this enzyme system accessible to mRNA expression
studies. We used a RT-PCR protocol with primers that are known
to amplify distinct sequences of monocyte NADPH oxidase
cDNA.
(I.) RNA preparation. Total cellular RNA from monocytes and
podocytes was isolated with guanidinium/acid phenol/chloroform
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extraction [29]. The amount of RNA was evaluated by spectro-
photometry at 260 nm. The integrity of the RNA was analyzed
after electrophoresis with a 1% agarose gel, staining with
ethidium bromide and visualization by UV irradiation.
(II.) Reverse transcription. For first strand synthesis, total RNA
from podocytes was mixed in 13 reverse transcription buffer (3
mM MgCl2, 75 mM KCl, 50 mM Tris-HCl, pH 8.3) and completed
with 0.5 mM dNTP, 10 mM random hexanucleotide primer, 10 mM
dithiothreitol, 10 U/100 ng (total RNA) RNAse inhibitor and 50
U/100 ng (total RNA) MMLV reverse transcriptase (reverse
transcriptase was omitted in some experiments to control for
amplification of contaminating DNA). The reverse transcription
was performed at 42°C for 15 minutes, followed by a denaturation
at 95°C for five minutes.
(III.) Polymerase chain reaction amplification. Polymerase chain
reactions (PCR) were performed in duplicates in a total volume of
50 ml, each containing 10 ml of reverse transcription (RT) reaction
(with 200 ng of cDNA) and 35 ml of PCR master mixture (16 mM
Tris-HCl, pH 8.3, 40 mM KCl, 0.4 mM MgCl2). The mixture was
overlaid with mineral oil and heated for one minute at 94°C. The
samples were kept at 80°C until 5 ml of the starter mixture,
containing 20 pmol each of sense and antisene primer and 2.5U
Taq DNA polymerase, were added. The PCR amplification was
performed in a Perkin Elmer Thermocycler 480. The cycle profile
included denaturation of one minute at 94°C, annealing for one
minute at 60°C, and extension for one minute at 72°C. Thirty-five
cycles were performed to amplify NADPH oxidase components
and a-actin. To control for differences in RT and PCR efficiency
in our semiquantitative approach, we attempted to coamplify a
given NADPH component and a-actin as the control message in
one PCR tube. Primers were therefore selected from sequences
that had already been deposited in the NIH/NCBI database (the
access number is given in the square brackets below). All primer
pairs were designed to anneal at 60°C. However, due to the huge
differences in message abundance between a-actin and NADPH-
oxidase components, the NADPH-PCRs were nearly completely
suppressed by the a-actin PCR, when coamplification was per-
formed in the tube (data not shown). To control best for RT and
PCR variability, all PCR reactions from one RNA sample were
run from one single RT reaction and a simultanious control PCR
with a-actin was performed in a separate tube. The primers were:
p47phox [M25665]: f-agtcctgacgagacggaaga; r-ggtcatcaggaaagacgac;
p67phox [M32011]: f-ggagtgtgtct-ggaagcag, r-agtgtgtagggcatgggaac;
p22phox [M21186]: f-gtttgtgtgcctgctggagt, r-tgggcggctgcttgatggt;
gp913 [X05895]: f-gctgttcaatgcttgtggct, r-tctcctcatcatggtgcaca, gp915
[X04011]: f-tgggctgtgaatgaggggct, r-tgactcgggcattcacacac; and
a-actin [J05192]: f-actgggacgacatggaaaag, r-gaaggaatagccacgctcag.
The sizes of the PCR products were: p47phox (170 bp), p67phox
(574 bp), p22phox (316 bp), gp913 (430 bp), gp915 (383 bp), and
a-actin (386 bp). Polymerase chain reaction amplification of RT
reactions without reverse transcriptase revealed no PCR product,
thereby excluding any amplification of genomic DNA. To confirm
the differences we detected for p67phox mRNA between
control and ATP stimulated cells, we also applied an alternative
set of primers that produced a 746 bp PCR-fragment: p67phoxII:
f-cgagggaaccagctgataga, r-catgggaacactgagcttca.
(IV.) Quantitative analysis. The amplification products of 10 ml
of each PCR reaction were separated on a 1.5% agarose gel,
stained with ethidium bromide, visualized by UV irradiation and
photographed with a Polaroid film 667. The film was taken to
evaluate the band densities by volume integration using a Hewlett
Packard IIcx flatbed scanner and a computer based imaging
software (Image Quant; Molecular Dynamics, Krefeld, Germany).
Statistics
Data are given as mean 6 SEM. Statistical analysis was per-
formed by Student’s unpaired t-test or one way-ANOVA as
appropriate. P , 0.05 was considered to be significant.
RESULTS
Measurement of O2
z generation with the lucigenin assay
In initial experiments, we tested whether the lucigenin assay
allowed an exact quantitation of O2
z release. Analysis between O2
z
release by the cell free xanthine/xanthine oxidase system and
lucigenin chemoluminescence revealed a correlation with a simple
fit (r2 5 0.97; Fig. 1). The standard curve derived from the
xanthine/xanthine oxidase reaction was utilized to calibrate the
chemoluminescence signals in the subsequent experiments.
Effect of adenosine triphosphate on O2
z generation in intact
podocytes
Podocytes displayed a basal generation of O2
z as measured by
chemoluminescence with the lucigenin assay. When cells were
incubated in media containing ATP 10-4 M, a substantial increase
in initial activity as well as in peak chemoluminescence was noted.
The O2
z generation was calculated from the initial three minutes
of chemoluminescence data using standard curves. Initial super-
oxide production increased from 1.28 6 0.15 nmol/mg protein/
min in unstimulated cells to 2.67 6 0.34 nmol/mg protein/min
(N 5 9; P , 0.006) after incubation with extracellular ATP 1024
M for four hours.
An original recording of a typical experiment is given in Figure
2. The addition of tiron (10 mmol/liter), a cell permeable chelator
of superoxide anion production, inhibited basal as well as ATP-
stimulated chemoluminescence.
Fig. 1. Correlation between O2z release by xanthine/xanthine oxidase and
lucigenin chemoluminescence. Data from 6 experiments are given, each
represented by a different symbol. There was an excellent correlation with
a simple fit (r2 5 0.97; y 5 1.58x 2 179.0).
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NADH/NADPH oxidases are the major source of superoxide in
podocytes
To test which enzyme system contributes to superoxide gener-
ation in podocytes, the activities of xanthine oxidases and NADH/
NADPH oxidases were measured. To eliminated any potential
barrier between lucigenin entry presented by the plasma mem-
brane, we prepared cell homogenates to assay xanthine oxidase
and NADH/NADPH oxidase activity. As shown in Figure 3,
hypoxanthine (100 mM), which serves as a substrate for xanthine
oxidases, only caused a minor increase in O2
z chemoluminescence
in cell homogenates from control and ATP stimulated cells (N 5
6). Allopurinol, an inhibitor of xanthine oxidase, did not alter the
level of chemoluminescence in the presence of hypoxanthine (N 5
3, data not shown). This suggests that the xanthine oxidase system
contributes little to superoxide anion generation in cultured
podocytes. When NADH or NADPH (100 mM) was added to cell
homogenates from control and ATP-treated cells, a significant
increase of superoxide production was noted. The addition of
NADH induced an increase of peak chemoluminescence by 320 6
18% and 683 6 52% in control and ATP stimulated cells,
respectively. Addition of NADPH increased peak chemolumines-
cence by 236 6 23% and 419 6 39%, respectively (Fig. 3). The
initial rate of net superoxide anion production was calculated
from these chemoluminescence data as described in the Methods
section. NADH oxidase was the major source of superoxide anion
production in podocytes, and both oxidases were significantly
stimulated by ATP (Table 1).
Effect of adenosine triphosphate on NADH/NADPH-dependent
O2
z generation in podocytes
To further characterize the activity of NADH/NADPH oxidases
in podocytes, we tested whether ATP caused a concentration-
dependent activation of NADH/NADPH oxidases. A concentra-
tion related activation of the NADH/NADPH system was found
for ATP concentrations between 1023 and 1027 M (Fig. 4). The
time course of activation after ATP stimulation for the two
oxidases is given in Figure 5. The increase in NADH/NADPH
oxidase activity was not apparent before two hours, but then
continued to increase for at least six hours. Since this delay might
reflect the requirement of new protein synthesis, we tested this
possibility by preincubating cells with actinomycin D (0.1 mg/ml
Fig. 2. Adenosine triphosphate (ATP) induces O2z generation in human
podocytes. Cells that had been incubated for four hours in media
containing no or ATP 1024 M were harvested, and lucigenin chemilumi-
nesence was recorded in a luminometer. Data are from an original
recording and were corrected for unspecific luminescence (luminescence
without cells) that was 19 6 2 counts per second. The cell-permeable
oxagen radical scavenger tiron completely inhibited basal as well as
ATP-induced chemoluminescence. Symbols are: (F) control; (f) ATP,
() control 1 tiron; () ATP 1 tiron.
Fig. 3. NADH/NADPH oxidases are the major source of O2
2 in podocytes.
Podocytes were exposed to ATP (1024 M; f) or control (F) media for four
hours. Cell homogenates were prepared and aliquots were added to a
cuvette containing dark adapted lucigenin and Krebs buffer. After adap-
tation, the reaction was started by addition of substrate to the homoge-
nate, indicated by an arrow. (A) Hypoxanthine 100 mM (hXan) was used as
substrate. (B) NADH (100 mM) was used as substrate. (C) NADPH (100
mM) was used as substrate. When hypoxanthine was added, no significant
production of superoxide anions occurred. Each tracing is from a repre-
sentative experiment repeated 9 times for NADH/NADPH and 6 times for
hypoxanthine.
Table 1. Effect of adenosine triphosphate (ATP) on podocyte NADH
and NADPH oxidase activity
Initial rate nmol O2
z/mg protein/min
NADH NADPH
Control 2.65 6 0.23 1.74 6 0.13
ATP 7.43 6 0.57a 4.05 6 0.12a
Podocytes were incubated with ATP 1024 M for 4 hours before cell
homogenates were prepared. Superoxide production was measured in the
presence of 100 mM NADH or NADPH. Data are from 9 experiments.
a P , 0.001 vs. control.
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for 18 hr) or cycloheximide (1 mmol/liter for 18 hr). Actinomycin
D completely inhibited ATP-induced oxygen radical formation by
the NADH/NADPH oxidase system (Fig. 6A). Cycloheximide
significantly suppressed ATP-induced NADH oxidase activity by
78 6 13%. Cycloheximide also suppressed 46 6 8% of ATP
stimulated superoxide generation by the NADPH oxidase (Fig.
6B).
NADH/NADPH oxidase is membrane associated
To identify the cellular localization of NADH/NADPH oxidase
activity, membrane and cytosolic fractions of cell homogenates
were separated by ultracentrifugation. All NADH/NADPH oxi-
dase activity migrated with the membrane fraction, indicating that
the NADH/NADPH oxidase system in podocytes is membrane
associated (Table 2). The mitochondrial poison KCN did not
inhibit ATP-induced superoxide formation, but did cause a signifi-
cant increase (110 6 35%) of NADH/NADPH oxidase activity in
unstimulated and stimulated cells (N 5 4). Therefore, it was not
possible to determine whether the ATP-sensitive oxidases reside
in the plasma membrane or the mitochondria by this approach.
We also measured superoxide production in the presence of
antimycin A (10 mM) and succinate (5 mM) in intact cells.
Mitochondrial superoxide production should be maximized under
conditions that promote reduction of the initial components of the
electron transport chain, which is the case in the presence of
succinate as a substrate plus the inhibitor of electron transport
antimycin A. No difference in basal or ATP induced chemolumi-
nescence was noted (control, 1.12 6 0.36; control 1 succ. 1 ant.
A, 1.07 6 0.34; ATP, 2.41 6 0.58; ATP 1 succ. 1 ant. A, 2.50 6
0.44 nmol O2
2/mg protein/min, [N 5 3]), thereby excluding
mitochondria as a detectable source of O2
z generation.
Fig. 4. Adenosine triphosphate (ATP) causes a dose dependent increase
in NADH/NADPH oxidase activation in podocytes. Cells had been incu-
bated for four hours in media containing indicated amounts of ATP before
NADH/NADPH oxidase actvity was measured. NADH (F) and NADPH
(f) were added in a concentration of 10 mM (N 5 6, *P , 0.01 vs. no ATP,
$P , 0.05 vs. no ATP; ANOVA).
Fig. 5. The effect of adenosine triphosphate (ATP) on NADH/NADPH
oxidase activity is time dependent. O2
z generation was measured with the
NADH/NADPH oxidase assay in human podocytes that had been incu-
bated for indicated times in media 6 ATP 1024 M. O2
z generation by the
NADH/NADPH oxidase system increased significantly after two hours of
incubation with ATP (N 5 7, *P , 0.015 vs. no ATP; ANOVA). Symbols
are: (M) NADH; (o) NADPH.
Fig. 6. Activation of NADH/NADPH by adenosine triphosphate (ATP)
requires protein synthesis. NADH/NADPH activity was measured in
podocytes that had been incubated with (f) or without (M) ATP 1024 M
for four hours. Some cells had been preincubated with actinomycin D
(AmD; 0.1 mg/ml) or cycloheximide (Cx; 1 mM) for 18 hours as indicated.
(A) Actinomycin D completly inhibited ATP-induced NADH/NADPH
activity (Control, N 5 4; ATP, N 5 8; §P , 0.001; *P , 0.01 [t-test]). (B)
Cycloheximide suppressed ATP-induced NADH oxidase activity and, less
effectively, NADPH oxidase activity (N 5 4; §P , 0.01; *P , 0.05; t-test).
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Functional characterization of the NADH/NADPH oxidase
activity
NADH as well as NADPH oxidases are considered to be flavin
containing enzymes and thus should be inhibited by diphenylene
ionidinium (DPI) [30, 31]. We used these characteristic to further
identify the NADH/NADPH oxidases in podocytes: DPI inhibited
basal NADH avtivity by 38 6 6%. The ATP stimulated portion of
NADH activity was completely inhibited by DPI (Fig. 7). Basal
NADPH oxidase activity was inhibited by 42 6 16%, and the
ATP-stimulated NADPH activity was inhibited by 63 6 11%
(Fig. 7).
Podocytes express mRNA for p22phox, p47phox, p67phox and
gp91phox
The expression of mRNA for NADPH oxidase components was
analyzed by RT-PCR using primers that have been shown to
amplify reverse transcribed mRNA in human monocytes. Clear
bands of p22phox, p47phox, p67phox and the 39-transcript of
gp91phox were seen after amplification of 200 ng of reverse
transcribed podocyte RNA with 35 PCR cycles (Fig. 8). However,
we were not able to amplify the 59 end of the gp91 mRNA with the
gp915 primers in podocytes, but demonstrated a strong signal of
the expected size in monocyte RNA (data not shown). P22phox
was constantly expressed in control and ATP-treated podocytes.
Bands for p47phox, p67phox and gp-913phox in control cells were
much weaker compared to the p22phox signals. The signals for
p67phox appeared to be the weakest. The relative abundance of
mRNA signals in control cells after scanning analysis was 1 (p67),
2.1 (p47), 2.3 (gp913), 22.0 (p22); 16.6 (a-actin). Reverse tran-
scribed-negative PCR reactions did not reveal an amplification
product, thus eliminating the possibility that we amplified con-
taminating DNA (data not shown).
Up-regulation of p47phox and p67phox mRNA is linked to
increased NADPH oxidase activity in IL-1 treated mesangial cells
[17]. To analyze whether ATP affects mRNA levels for NADPH
oxidase components, RNA from podocytes that had been incu-
bated in control media or media containing ATP 1024 M for four
hours was subjected to RT-PCR. RNA from three independent
experiments was analyzed in duplicates. We detected a clear
induction of p67phox mRNA levels in podocytes that had been
incubated with ATP for four hours, whereas cellular levels of
a-actin and p22phox were not changed by ATP (Fig. 9). To
control for differences in RT-efficiency, the NADPH oxidase
signals were compared to the signal of the corresponding a-actin
PCR. Also, the results of the p67phox PCR was confirmed with a
Fig. 7. Functional characterization of NADH/NADPH oxidase activity in
human podocytes. Podocytes were exposed to adenosine triphosphate
(ATP; o) or media alone (control; M) for four hours. Cell were then
homogenized and incubated with (1) 100 mM diphenylene iodonium
(DPI) or (2) buffer with an equivalent amount of DMSO which was used
as a solvent for DPI. DPI inhibited control and ATP-stimulated NADH/
NADPH oxidase activity. Each bar represents the mean 6 SEM of 4
experiments. *P , 0.05 versus buffer; §P , 0.01 versus buffer (t-test).
Fig. 8. Podocytes express NADPH oxidase subunit mRNA. RNA was
extracted form cultured human podocytes that had been incubated for
four hours in media containing 10% FCS 6 ATP 1024. RNA was reverse
transcribed and aliquoted. Two hundred micrograms of cDNA/50 ml PCR
were amplified through 35 cycles with specific oligonucleotide primers in
duplicates as describe in the method section. Ten microliters of the
amplified cDNA were visualized on a 1.5% agarose gel containing
ethidium bromide. A representative PCR analysis of one RNA sample
from control (C) and ATP-treated cells (ATP) is shown (M 5 100 bp
ladder).
Table 2. Fractionation of NADH an NADPH oxidase activity between
podocyte membrane and cytosol
Initial rate, nmol O2
z/min/mg protein
NADH (N 5 4) NADPH (N 5 4)
Control ATP Control ATP
Membranes 3.17 6 0.44 8.02 6 1.25 2.21 6 0.38 4.74 6 0.69
Cytosol 0.15 6 0.04 0.18 6 0.06 0.20 6 0.05 0.16 6 0.07
Membrane and cytosol fraction of cell homogenates from control cells
and cells treated with ATP 1024 M were separated by ultracentrifugation.
NADH/NADPH oxidase activity in the membrane and the cellular
fractions was measured as described in the Methods section.
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different set of primers. Data are given in Table 3. When p67phox
mRNA levels were normalized for the corresponding a-actin
signal, the increase in ATP-treated cells was even more signifi-
cant. To analyze the time course of p67phox mRNA induction,
RNA was isolated from cells that had been incubated with ATP
from 0.5 to six hours (Fig. 9). Induction of p67phox mRNA was
detectable after 30 minutes of incubation with ATP. P67phox
mRNA had returned to normal after six hours of incubation with
ATP. Since ATP-induced activation of NADPH oxidase activity
was inhibited by actinomycin D, an inhibitor of RNA transcription
as well as by cycloheximide, an inhibitor of protein translation, we
investigated whether these two components had any effects on
induction of p67phox mRNA by ATP. As demonstrated in Figure
10, the ATP-induced increase of p67phox mRNA was nearly
completely inhibited by actinomycin D, whereas cycloheximide, as
expected, had no effect on ATP-induced p67phox mRNA
expression.
DISCUSSION
Reactive oxygen species (ROS) mediate glomerular injury in
many experimental forms of glomerular disease. In puromycin
aminonucleoside (PAN)-induced nephrosis, a rat model with
morphologic and pathophysiologic findings similar to human
minimal change disease, concomitant treatment with superoxide
dismutase reduced the most prominent morphologic findings,
thereby providing indirect evidence for a causal involvement of
ROS [32]. Administration of antioxidants such as a-tocopherol/
ascorbic acid also diminished proteinuria and the flattening of
podocyte foot processes in PAN [33]. Using an experimental model
of membraneous nephritis, podocytes themselves have been re-
cently identified as a potential superoxide source [7, 34, 35]. It
remains to be established, however, whether increased free radical
generation is secondary to ROS production by infiltrating poly-
morphonuclear leukocytes (PMN), or whether glomerular cells
themselves are able to produce significant amounts of superoxide.
In the present study we demonstrate that cultured human
podocytes are indeed a significant source of superoxide, and that
ROS generation in these cells can be stimulated by the vasoactive
hormone adenosine triphosphate (ATP). Incubation of intact cells
with ATP increased superoxide production, measured with lucige-
nin-enhanced chemoluminescence, more than twofold in a time-
and dose-dependent manner. The ATP-stimulated increase in
superoxide derived chemoluminescence was almost completely
inhibited by the radical scavenger tiron.
The present studies also provided some insight into potential
enzymatic sources of superoxide production. Xanthine oxidases
have been proposed as a major source for ROS formation in PAN
nephritis: Hypoxanthine, an intermediary metabolite that accu-
mulates in PAN, can act as a substrate for xanthine oxidase, and
allopurinol, an inhibitor of xanthine oxidase, reduces proteinuria
in PAN treated rats [9, 32]. We found that in cultured human
podocytes, ROS are primarily generated by NADH/NADPH
oxidases, and xanthine oxidases did contribute to basal or ATP-
stimulated superoxide production. The major significance of
NADH/NADPH oxidases as source for ROS in the kidney has
been recently underscored in preliminary reports, which found
that in the setting of hypercholesterolemia, superoxide anion
generation in rabbit glomerula is secondary to an activation of a
NADPH oxidase-dependent pathway [36]. Similar to our study,
xanthine oxidase contributed little to superoxide generation [36].
Mitochondrial NADH oxidoreductases could also be a source of
ROS in podocytes. However, KCN, a mitochondrial poison, did
not inhibit NADH oxidase activity, and the failure to enhance
podocyte-superoxide production by antimycin A and succinate
suggests that mitochondria do not contribute to ROS production.
Similarly to previous reports, we found that O2
z production
evoked by the addition of NADH is about twofold higher com-
pared to NADPH [27]. Incubation of cells for at least two hours
with ATP increased the activity of the NADPH and NADH
dependent oxidase more than twofold, and accordingly, most of
the activity was in the membrane fraction.
The demonstration of an activated NAD(P)H-dependent oxi-
dase system in podocytes in response to ATP is in accord with
other reports, demonstrating that these oxidases account for the
majoritiy of superoxide production in non-phagocytic cells such as
vascular smooth muscle cells, endothelial cells, fibroblasts and
mesangial cells [13–17]. The NADPH oxidase has been best
characterized in PMN where it is a plasma membrane associated
enzyme responsible for respiratory burst, a prerequisite for the
microbiocidal activity of these cells. The enzyme system that
forms superoxide contains several subunits, a cytochrome b558
with two subunits (p22phox and gp91phox) [37, 38] that reside in
the plasma membrane, and three NADPH components, p47phox,
p67phox and p21rac, a GTP binding protein [39] that reside in the
cytosol. Activity of the complex can be regulated by PKC-
dependent phosphorylation of the cytosolic NADPH oxidase
component p47phox, allowing the assembly of a functional en-
zyme complex. However, NADPH oxidase activity can also be
regulated on the level of gene transcription, since several sub-
stances, including interferon-g, platelet-derived growth factor
(PDGF), and interleukins were shown to up-regulate mRNA for
NADPH-oxidase components (a review of PMN-NADPH oxidase
activity is in [40]).
The NADH/NADPH system of vascular smooth muscle cells
(VSMC), fibroblasts and mesangial cells shares many features of
the neutrophil NADPH oxidase such as nonmitochondrial loca-
tion, its activation by phosphatidic acid, and its sensitivity to
diphenylene iodonium. However, it differs from the phagocyte
system in its kinetic properties, physiological function and subunit
structure. The NADPH oxidase component cytochrome b558
Fig. 9. Expression of p67phox mRNA is up-regulated in adenosine
triphosphate (ATP)-treated podocytes. RNA was isolated from podocytes
that had been incubated in control media or media containing ATP 1024
M for four hours. Cellular levels of p67phox, p22phox and a-actin mRNA
were analyzed by RT-PCR. Three independent experiments were ana-
lyzed in duplicates. There was a clear increase of p67phox mRNA after
four hours of incubation with ATP. Amplification of p67phox mRNA was
performed with the p67phox II set of primers.
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(gp91phox/p22phox) from non-phagocytic cells apparently is
structually distinct from the PMN enzyme. Immunoblot analysis
of fibroblast membranes with antibodies against human PMN
cytochrome b558 failed to recognize a similar protein in the
fibroblast membrane [14]. In human mesangial cells, immunode-
tection studies demonstrated only the presence of the p47phox
component, whereas the gp91phox subunit as well as p22phox and
p67phox subunits were not detected. A RT-PCR analysis of
subunit mRNA detected constituitive expression of p22phox
mRNA in mesangial cells. RNA for gp91phox was not detected.
P47phox and p67phox mRNA were not present in growth arrested
cells but could be induced by interleukin-1b [17]. Taken together,
these results suggest that in non-phagocytic cells, the cytosolic
components of the NADPH oxidase are identical to the neutro-
phil enzyme whereas for the gp91phox subunit, tissue specific
isoforms seem to exist.
This view is also supported by the results of the present study.
We provide functional evidence for a gp91phox NADPH oxidase
subunit in podocytes, since this subunits carries the FAD binding
domain and basal- as well as ATP-stimulated NADPH oxidase
activity was inhibited by DPI. Our RT-PCR studies detected
abundant levels of the p22phox mRNA in control and ATP-
stimulated podocytes. We also detected mRNA for p47phox and
p67phox and p47phox was expressed at a higher level than
p67phox. We also could detect a message for the 39-end of
gp91phox. Polymerase chain reaction primers directed against the
59-end of the monocyte NADPH oxidase did not detect a corre-
sponding mRNA in human podocytes. These results clearly
indicate the presence of NADPH oxidase components in podo-
cytes.
In the present studies we observed an increase in NADPH and
also in NADH oxidase activity. It is unclear in podocytes whether
this activity represents a single oxidase, which uses NADH in
preference to NADPH, or if it represents multiple enzymes with
different specific activities and substrate or cofactor specificities.
A recent study demonstrated that in smooth muscle cells, an
antisense approach with antisense p22phox mRNA completely
inhibited the angiotensin II (Ang II)-induced increase in NADPH
and also NADH-induced superoxide production [41]. This obser-
vation suggests the existance of a single NAD(P)H dependent
oxidase, at least in smooth muscle cells.
Besides the identification of NADH/NADPH oxidases in podo-
cytes, the activation of this pathway by ATP is the second major
finding of the present study. In the kidney, ATP influences renal
hemodynamics via vasoconstriction [42], may play a role in the
regulation of glomerular filtration rate by activating phospho-
lipase C in contractile mesangial cells [43], and induces the release
of endothelial relaxation factor (EDRF) from glomerular endo-
thelial cells [44]. Cellular effects of ATP in glomerular cells are
receptor mediated. Elevation of cytosolic-free calcium activity and
inositol phosphate formation in podocytes after stimulation with
ATP are communicated via a P2 purinergic receptor [20]. Extra-
cellular ATP stimulated proliferation in cultured mesangial cells,
also via P2 receptors [45]. Since cellular proliferation is under the
control of the cellular redox state [46], oxygen radicals might serve
as second messengers for the proliferative actions of ATP. It is
known that extracellular ATP is released from platelets or other
damaged cells that contain up to 5 mM ATP per cell [19].
Therefore, the dose response curves for ATP established in our
studies (0.1 mM to 0.1 mM) are very likely to be of pathophysio-
logical significance. Comparable concentration response curves
have been established for the increase in intracellular calcium in
podocytes and the proliferative effects of ATP in mesangial cells
Fig. 10. Time course of p67phox mRNA induction by adenosine triphos-
phate (ATP). To analyze the time course of p67phox mRNA induction,
RNA was isolated from cells that had been incubated in control buffer (C)
or with ATP from 0.5 to six hours. Induction of p67phox (M) mRNA was
detectable after 30 minutes of incubation with ATP and peaked at one
hour. P67phox mRNA had returned to normal after six hours of incuba-
tion with ATP. The P22phox (u) mRNA did not change during this time
(upper panel). The lower panel gives the scanned densitometry data of the
above time course experiment.
Table 3. Quantification of NADPH oxidase component mRNA in control and ATP-stimulated podocytes by RT-PCR and scanning densitometry
a-actin p22phox p67phox p47phox gp913
Arbitrary units
Control 66119 6 1864 68940 6 825 17515 6 2425 30756 6 5482 35209 6 3855
ATP 58400 6 5195 64739 6 2828 35938 6 6763a 321952 6 4316 26446 6 3882
NADPH/a-actin
Control 1.05 6 0.03 0.26 6 0.03 0.48 6 0.09 0.53 6 0.05
ATP 1.16 6 0.11 0.58 6 0.07b 0.58 6 0.11 0.46 6 0.05
Three independent experiments were analyzed in duplicates. PCR signals were analyzed by scanning densitometry as described in the method section
and expressed as arbitrary densitometry units. Alternatively, data were expressed as the respective NADPH-component to a-actin ratio. aP , 0.05, bP ,
0.006 vs. control (t-test)
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[20, 45]. A major concern about studies with extracellular ATP
should be the biological half-life of ATP in cell culture systems.
Data concerning this issue have been generated in cultured
mesangial cells. Effective concentrations of ATP were present
only for several hours because ATP is degraded by ectonucleoti-
dases with a half-life of three hours [46, 47]. Assuming compara-
ble degradation rates by podocytes ectonucleotidase, our experi-
mental design would permit significant amounts of ATP present in
the culture media for several hours, sufficient for the time frame
of events observed in our studies.
An interesting question is how ATP interferes with NADH/
NADPH oxidase activity. One hypothesis is that ATP is a
necessary substrate for p47phox phosphorylation. However, in a
cell free system, oxidase activation is absolutely dependent on the
availibility of guanosine 59-triphosphate (GTP), whereas ATP was
neither necessary nor sufficient for oxidase activation [48]. The
timeframe of ATP-induced superoxide generation makes a direct
effect of ATP on the activity status of NADH/NADPH oxidases
unlikely. The delay of up to two hours before an increase in
superoxide production was observed is more conclusive with the
induction of new protein synthesis. To follow up on this hypoth-
esis, we tested the effect of two inhibitors, actinomycin D, an
inhibitor of transcription, and cycloheximide, an inhibitor of RNA
translation. Actinomycin D intercalates between adjacent G-C
base pairs, thereby inhibiting transcription by RNA polymerases.
Cycloheximide inhibits eucaryotic cytosolic ribosomes by acting
on the peptidyl transferase activity of the large ribosomal unit
[49]. Induction of NADH/NADPH oxidase activity by ATP was
both inhibitable at the step of RNA transcription as well as
translation. In RT-PCR studies, we detected a clear increase of
p67phox mRNA levels in podocytes that had been stimulated with
ATP for four hours. This increase was confirmed with two
different sets of primers. We attempted to confirm the PCR data
with Northern blot analysis but could not detect a p67phox
mRNA signal in up to 20 mg of total RNA. Since we did detect a
strong signal for p67phox mRNA in 5 mg of monocyte RNA (data
not shown), it has to be concluded that p67phox mRNA levels
were below the dection limits of Northern analysis. However, it is
not uncommon that gene products, although expressed in cells,
ultimately may not be detected when total RNA is measured by
Northern blot analysis. Several studies have reported a discrep-
ancy between the sensitivity of mRNA dection by RT-PCR and
Northern blot analysis. For example, the vitamin D-24 hydroxy-
lase could be detected in lung, testes and spleen by RT-PCR and
Southern blot analysis, but not by Northern blot analysis [50], also
the Ca21 channel g subunit in cardiac tissue could be detected by
RT-PCR but not by Northern blot analysis [51].
The ATP-induced increase in p67phox mRNA became appar-
ent after 0.5 hours of incubation and lasted about four hours. This
increase was inhibited by actinomycin D, but not by cyclohexi-
mide. Together these findings suggest that increased de novo
mRNA synthesis might be one mechanism by which ATP affects
NADPH oxidase activity. This hypothesis is also supported by the
observation that p67phox mRNA levels were nearly completely
suppressed in cells that had been pretreated with actinomycin D
for 18 hours. Apparently, the half-life of p67phox mRNA is much
shorter than 18 hours, so continuous transcription is necessary to
maintain steady state levels. The finding that incubation with
actinomycin D suppressed ATP-induced NADPH oxidase activity,
but not below the level of control cells, suggests that the half-life
of the NADPH protein pool is longer than 18 hours. Interestingly,
we did not detect an up-regulation of p47phox mRNA or other
components by ATP. Apparently, p67phox mRNA seems to be
rate limiting for synthesis of functional NADPH oxidases in
podocytes.
We conclude that cultured human podocytes posess a NADH/
NADPH oxidase system that represents the main source for
superoxide anion generation in these cells. Both systems are
activated by extracellular ATP. We may therefore have identified
the likely candidate responsible for podocyte-ROS production in
human glomerular disease.
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